Abstract. We report the angular diameter measurements of seven classical Cepheids, X Sgr, η Aql, W Sgr, ζ Gem, β Dor, Y Oph and ℓ Car that we have obtained with the VINCI instrument, installed at ESO's VLT Interferometer (VLTI). We also present reprocessed archive data obtained with the FLUOR/IOTA instrument on ζ Gem, in order to improve the phase coverage of our observations. We obtain average limb darkened angular diameter 
Introduction
For almost a century, Cepheids have occupied a central role in distance determinations. This is thanks to the existence of the Period-Luminosity (P-L) relation, M = a log P + b, which relates the logarithm of the variability period of a Cepheid to its absolute mean magnitude. These stars became even more important since the Hubble Space Telescope Key Project on the extragalactic distance scale (Freedman et al. 2001 ) has totally relied on Cepheids for the calibration of distance indicators to reach cosmologically significant distances. In other words, if the calibration of the Cepheid P-L relation is wrong, the whole extragalactic distance scale is wrong.
There are various ways to calibrate the P-L relation. The avenue chosen by the HST Key-Project was to assume a distance to the Large Magellanic Cloud (LMC), thereby adopting a zero point of the distance scale. Freedman et al. (2001) present an extensive discussion of all available LMC distances, and note, with other
Send offprint requests to: P. Kervella Correspondence to: pkervell@eso.org authors (see e.g. Benedict et al. 2002) , that the LMC distance is currently the weak link in the extragalactic distance scale ladder. Another avenue is to determine the zero point of the P-L relation with Galactic Cepheids, using for instance parallax measurements, Cepheids in clusters, or through the Baade-Wesselink (BW) method. We propose in this paper and its sequels (Papers II and III) to improve the calibration of the Cepheid P-R, P-L and surface brightness-color relations through a combination of spectroscopic and interferometric observations of bright Galactic Cepheids.
In the particular case of the P-L relation, the slope a is well known from Magellanic Cloud Cepheids (e.g. Udalski et al. 1999) , though Lanoix et al. (1999) have suggested that a Malmquist effect (population incompleteness) could bias this value. On the other hand, the calibration of the zero-point b (the hypothetic absolute magnitude of a 1-day period Cepheid) requires measurement of the distance to a number of nearby Cepheids with high precision. For this purpose, interferometry enables a new version of the Baade-Wesselink method, (BW, Baade 1926 , Wesselink 1946 ) for which we do not need to measure the in the Large Magellanic Cloud (LMC) (d ≈ 55 kpc) are so small (θ ≈ 30 µas) that they would require a baseline of 20 km to be resolved in the K band (5 km in the visible). However, such a measurement is highly desirable, as it would provide a precise geometrical distance to the LMC, a critical step in the extragalactic distance ladder. Mourard (1996) has highlighted the capabilities of the VLTI for the observation of nearby Cepheids, as it provides long baselines (up to 202 m) and thus a high resolving power. Though they are supergiant stars, the Cepheids are very small objects in terms of angular size. A consequence of this is that the limit on the number of interferometrically resolvable Cepheids is not set by the size of the light collectors, but by the baseline length. From photometry only, several hundred Cepheids can produce interferometric fringes using the VLTI Auxiliary Telescopes (1.8 m in diameter). However, in order to measure accurately their size, one needs to resolve their disk to a sufficient level. Kervella (2001a) has compiled a list of more than 30 Cepheids that can be measured from Paranal using the VINCI and AMBER (Petrov et al. 2000) instruments. Considering the usual constraints in terms of sky coverage, limiting magnitude and accessible resolution, we have selected seven bright Cepheids observable from Paranal Observatory (latitude λ = −24 deg): X Sgr, η Aql, W Sgr, β Dor, ζ Gem, Y Oph and ℓ Car. The periods of these stars cover a wide range, from 7 to 35.5 days. This coverage is important to properly constrain the P-R and P-L relations. To estimate the feasibility of the observations, the angular diameters of these stars were deduced from the BW studies by Gieren et al. (1993) . For ζ Gem and η Aql, previously published direct interferometric measurements by Nordgren et al. (2000) , Kervella et al. (2001b) and Lane et al. (2002) already demonstrated the feasibility of the observations. The relevant parameters of the seven Cepheids of our sample, taken from the literature, are listed in Table 1 . 3.03 ± 0.94 2.78 ± 0.91 1.57 ± 0.93 3.14 ± 0.59 2.79 ± 0.81 1.14 ± 0.80 2. 16 Barnes et al. (1987) for X Sgr, from Barnes et al. (1997) for η Aql, from Moffett & Barnes (1984) for W Sgr and ζ Gem, from Berdnikov & Turner (2001) for β Dor and ℓ Car, and from Coulson & Caldwell (1985) for Y Oph. b mK from Welch et al. (1984) for X Sgr, and W Sgr, from Laney & Stobie (1992) for β Dor, Y Oph, and ℓ Car, from Ducati et al. (2001) for ζ Gem, from Barnes et al. (1997) for η Aql. c Parallaxes from the Hipparcos catalogue (Perryman et al. 1997 ). d From Kiss & Szatmàry (1998) for ζ Gem and η Aql, Bersier et al. (1997) for W Sgr, and Pel (1978) for X Sgr and β Dor. e From Andrievsky et al. (2002 ), Cayrel de Strobel et al. (1997 ), and Pel (1978 , except for log g of Y Oph. f Reference epoch T0 values have been computed near the dates of the VINCI observations, from the values published by Szabados (1989a) . g P values from Szabados (1989a) . The periods of η Aql, ζ Gem and W Sgr are known to evolve. The values above correspond to the T0 chosen for these stars. h Four-parameters intensity profiles from Claret (2000) in the K band, assuming a microturbulence velocity of 4 km/s and the average values of T eff and log g.
Interferometric data processing

Coherence factors
We used a modified version (Kervella et al. 2003c ) of the standard VINCI data reduction pipeline, whose general principle is based on the original algorithm of the FLUOR instrument (Coudé du Foresto et al. 1997 , Coudé du Foresto et al. 1998a . The VINCI/VLTI commissioning data we used for this study are publicly available through the ESO Archive, and result from two proposals of our group, that were accepted for ESO Periods 70 and 71. The goal of the raw data processing is to extract the value of the modulated power contained in the interferometric fringes. This value is proportional to the squared visibility V 2 of the source on the observation baseline, which is in turn directly linked to the Fourier transform of the light distribution of the source through the ZernikeVan Cittert theorem.
One of the key advantages of VINCI is to use singlemode fibers to filter out the perturbations induced by the turbulent atmosphere. The wavefront that is injected in the fibers is only the mode guided by the fiber (gaussian in shape, see Ruilier 1999 or Coudé du Foresto 1998b for details). The atmospherically corrupted part of the wavefront is not injected into the fibers and is lost into the cladding. Due to the temporal fluctuations of the turbulence, the injected flux changes considerably during an observation. However, VINCI derives two photometric signals that can be used to subtract the intensity fluctuations from the interferometric fringes and normalize them continuously. The resulting calibrated interferograms are practically free of atmospheric corruption, except the piston mode (differential longitudinal delay of the wavefront between the two apertures) that tends to smear the fringes and affect their visibility. Its effect is largely diminished by using a sufficiently high scanning frequency, as was the case for the VINCI observations.
After the photometric calibration has been achieved, the two interferograms from the two interferometric outputs of the VINCI beam combiner are subtracted to re-move the residual photometric fluctuations. As the two fringe patterns are in perfect phase opposition, this subtraction removes a large part of the correlated fluctuations and enhances the interferometric fringes. Instead of the classical Fourier analysis, we implemented a timefrequency analysis (Ségransan et al. 1999 ) based on the continuous wavelet transform (Farge 1992) . In this approach, the projection of the signal is not onto a sine wave (Fourier transform), but onto a function, i.e. the wavelet, that is localised in both time and frequency. We used as a basis the Morlet wavelet, a gaussian envelope multiplied by a sine wave. With the proper choice of the number of oscillations inside the gaussian envelope, this wavelet closely matches a VINCI interferogram. It is therefore very efficient at localizing the signal in both time and frequency.
The differential piston corrupts the amplitude and the shape of the fringe peak in the wavelet power spectrum. A selection based on the shape of fringe peak in the timefrequency domain is used to remove "pistonned" and false detection interferograms. Squared coherence factors µ 2 are then derived by integrating the wavelet power spectral density (PSD) of the interferograms at the position and frequency of the fringes. The residual photon and detector noise backgrounds are removed by making a least squares fit of the PSD at high and low frequency.
Calibrators
The calibration of the Cepheids' visibilities was achieved using well-known calibrator stars that have been selected in the Cohen et al. (1999) catalogue, with the exception of ǫ Ind. This dwarf star was measured separately (Ségransan et al. 2003 ) and used to calibrate one of the η Aql measurements. The angular diameters of 39 Eri A, HR 4050 and HR 4546 (which belong to the Cohen et al. 1999 catalogue) were also measured separately, as these stars appeared to give a slightly inconsistent value of the interferometric efficiency.
For 39 Eri A and HR 4546, the measured angular diameters we find are θ UD = 1.74 ± 0.03 and 2.41 ± 0.04 mas, respectively. These measured values are only 2 σ lower than the Cohen et al (1999) catalogue values of θ UD = 1.81 ± 0.02 and 2.53 ± 0.04 mas. A possible reason for this difference could be the presence of faint, main sequence companions in orbit around these two giant stars. The additional contribution of these objects would bias the diameter found by spectrophotometry towards larger values, an effect consistent with what we observe. For HR 4050, we obtained θ UD = 5.18 ± 0.05 mas, only +1 σ away from the catalogue value of θ UD = 5.09 ± 0.06 mas, . The characteristics of the selected calibrators are listed in Table 2 . The limb-darkened disk (LD) angular diameters of these stars were converted into uniform disk values using linear coefficients taken from Claret et al. (1995) . As demonstrated by Bordé et al. (2002) , the star diameters in the Cohen et al. (1999) list have been measured very homogeneously to a relative precision of approximately 1% and agree well with other angular diameter estimation methods.
The calibrators were observed soon before and after the Cepheids, in order to verify that the interferometric efficiency (IE) has not changed significantly during the Cepheid observation itself. In some cases, and due to the technical nature of commissioning observations, part of the Cepheid observations could not be bracketed, but only immediately preceded or followed by a calibrator. However, the stability of the IE has proved to be generally very good, and we do not expect any significant bias from these single-calibrator observations. Some observations included several calibrators to allow a cross-check of of their angular sizes. The calibrators were chosen as close as possible in the sky to our target Cepheids, in order to be able to observe them with similar airmass. This selection has taken into account the constraints in terms of limiting magnitude and sky coverage imposed by the VLTI siderostats and delay lines. The IE was computed from the coherence factor measurements obtained on the calibrators, taking into account the bandwidth smearing effect (see Sect. 6.4) and a uniform disk angular diameter model. This calibration process yielded the final squared visibilities listed in Tables 3 to 9.
Data quality
General remarks
Due to the fact that we used two types of light collectors (siderostats and UTs) and several baselines (from 66 to 140 m in ground length), the intrinsic quality of our data is relatively heterogeneous. In this Section, we discuss briefly the characteristics of our observations of each target. One particularity of our measurements is that they have all been obtained during the commissioning period of the VLTI, during which technical tasks were given higher priority. In particular, the long baseline B3-M0 was only available during a few months over the two years of operations of the VLTI with VINCI. The UT1-UT3 observations were executed during two short commissioning runs and it was not possible to obtain more than one or two phases for the observed stars (β Dor and ζ Gem). However, the very large SNR values provided by the large aperture of the UTs, even without high-order adaptive optics, gave high-precision visibility measurements.
The VINCI processing pipeline produces a number of outputs to the user for the data quality control, including in particular the average wavelet power spectral density (WPSD) of the processed interferograms. This is an essential tool to verify that no bias is present in the calibrated and normalized fringe power peak. Fig. 2 shows the average WPSD of a series of 302 interferograms obtained on X Sgr. No bias is present, and the residual background is very low. The power integration being done between 2000 and 8000 cm −1 , the complete modulated power of the fringes is taken into account without bias. -24 deg) , and all the observations were obtained at very low airmasses. It is located on the sky near two other Cepheids of our sample, Y Oph and W Sgr, and these three stars share the same calibrator, χ Sco. The average signal to noise ratio (SNR) was typically 2 to 5 on the photometric outputs of VINCI, and 4 to 6 on the interferometric channels, for a constant fringe frequency of 242 Hz. A total of 4 977 interferograms were processed by the pipeline. The same remarks apply to W Sgr and Y Oph, as they have almost the same magnitude and similar angular diameters. The number of processed interferograms for these two stars was 4 231 and 2 182, respectively, during 9 and 4 observing sessions.
η Aql
η Aql was observed once on the E0-G1 baseline (66 m) and 10 times on the B3-M0 baseline (140 m ground length). The total number of processed interferograms is 5 584. The SNRs were typically 4 and 7 on the photometric and interferometric outputs at a fringe frequency of 242 to 272 Hz. Due to its northern declination (δ = +1 deg) and to the limits of the TS, it was not possible to observe η Aql for more than two hours per night, therefore limiting the number of interferograms and the precision of the measurements.
β Dor
β Dor is a difficult target for observation with the TS, as it is partially hidden behind the TS periscopes that are used to direct the light into the VLTI tunnels. This causes a partial vignetting of the beams and therefore a loss in SNR. The data from the TS are thus of intermediate quality, considering the brightness of this star. It is located at a declination of −62 deg, relatively close to ℓ Car, and therefore these two stars share some calibrators. In addition to the 5 observations with the TS, four measurements were obtained during three commissioning runs on the UT1-UT3 baseline. A total of 8 129 interferograms were processed, of which 5 187 were acquired with the 8 m Unit Telescopes (96 minutes spread over four nights were spent on β Dor using UT1 and UT3).
ζ Gem
At a declination of +20 deg, ζ Gem is not accessible to the TS due to a mechanical limitation. This is the reason why this star was observed only on two occasions with UT1 and UT3, for a total of 3 857 interferograms, obtained during 41 minutes on the target. The average on-source SNRs were typically 50 for the interferometric channels and 30 for the photometric signals, at a fringe frequency of 694 Hz. The data obtained using the FLUOR/IOTA instrument are described in Kervella et al. (2001b) . They were reprocessed using the latest release of the FLUOR software that includes a better treatment of the photon shot noise than the 2001 version. As the baseline of IOTA is limited to 38 m, the visibility of the fringes is very high, and the precision on the angular diameter is reduced compared to the 102.5 m baseline UT1-UT3.
ℓ Car
As for β Dor, the observation of ℓ Car (δ = −62 deg) is made particularly difficult by the vignetting of the TS beams. Thanks to its brightness (K ≈ 1) the SNRs are 15-20 on the interferometric channels, and 10-15 on the photometric signals, using the TS and a fringe frequency of 242 Hz. One observation was obtained on the E0-G1 baseline (66 m ground length), and 19 measurements on the B3-M0 baseline. ℓ Car is the most observed star in our sample, with a total of 22 226 processed interferograms. Its average diameter of approximately 3 mas makes it an ideal target for observations with baselines of 100 to 200 m. On the B3-M0 baseline, we achieved projected baselines of 89.7 to 135.0 m, corresponding to V 2 values of 8 to 42 %. This range is ideal to constrain the visibility model and derive precise values of the angular diameter. Fig. 3 shows the squared visibility points obtained at two phases on ℓ Car. The change in angular diameter is clearly visible. Thanks to the variation of the projected baseline on sky, we have sampled a segment of the visibility curve. 
Angular diameters
The object of this section is to derive the angular diameters of the Cepheids as a function of their pulsational phase. We discuss the different types of models that can be used to compute the angular diameter from the squared visibility measurements.
Uniform disk angular diameters
This very simple, rather unphysical model is commonly used for interferometric studies as it is independent of any stellar atmosphere model. The relationship between the visibility V and the uniform disk angular diameter (UD) is:
where x = πB θ UD /λ is the spatial frequency. This function can be inverted numerically to retrieve the uniform disk angular diameter θ UD . While the true stellar light distributions depart significantly from the UD model, the UD angular diameters θ UD given in Tables 3 to 9 have the advantage that they can easily be converted to LD values using any stellar atmosphere model. This is achieved by computing a conversion factor θ LD /θ UD from the chosen intensity profile (see e.g. (2000) for X Sgr (thin line) and ℓ Car (thick line), using the parameters listed in Table 1 6.2. Static atmosphere intensity profile
The visibility curve shape before the first minimum is almost impossible to distinguish between a uniform disk (UD) and limb darkened (LD) model. Therefore, it is necessary to use a model of the stellar disk limb darkening to deduce the photospheric angular size of the star, from the observed visibility values. The intensity profiles that we chose were computed by Claret (2000) , based on model atmospheres by Kurucz (1992) . They consist of four-parameter approximations to the function I(µ)/I(1), where µ = cos θ is the cosine of the azimuth of a surface element of the star. They are accurate approximations of the numerical results from the ATLAS modeling code. The analytical expression of these approximations is given by:
The a k coefficients are tabulated by Claret (2000) for a wide range of stellar parameters (T eff , log g,...) and photometric bands (U to K). The a k values for each Cepheid are given in Table 1 for the K band, and the intensity profiles I(µ)/I(1) of X Sgr and ℓ Car are shown on Fig. 4 . The limb darkening is directly measurable by interferometry around the first minimum of the visibility function, as demonstrated by several authors on giant stars (Quirrenbach et al. 1996 , Wittkowski et al. 2001 . Unfortunately, even for ℓ Car observed in the K band, this requires a baseline of more than 180 m that was not available for the measurements reported here. It is intended in the near future to measure directly the LD of a few nearby Cepheids, using the shorter wavelength bands of AMBER (Petrov et al. 2000) and the longest baselines of the VLTI (up to 202 m).
Changes of limb darkening with phase
As shown by Marengo et al. (2002) , the atmosphere of the Cepheids departs from that of a non-variable giant with identical T eff and log g, due in particular to the presence of energetic shock waves at certain phases of the pulsation.
However, this effect is enhanced at visible wavelengths compared to the infrared, and appears to be negligible in the case of the VINCI observations. Marengo et al. (2003) have derived in the H band a relative variation of the limb darkening coefficient k = θ UD /θ LD of only 0.2 %. This is below the precision of our measurements and is neglected in the rest of this paper. Furthermore, the VINCI/VLTI measurement wavelength being longer (2.18 µm) than the H band, the LD correction is even smaller, as is its expected variation.
From the results of Marengo et al. (2003) it appears clearly that the interferometers operating at infrared wavelengths are ideally suited for Cepheid measurements that aim at calibrating the P-R and P-L relations. On the other hand, as pointed out by these authors, the visible wavelength interferometers should be favored to study the dynamical evolution of the atmosphere (including the limb darkening) during the pulsation. The geometrical determination of the pulsation parallax is almost independant of the adopted atmosphere model in the K band, while this is not the case at shorter wavelengths.
Visibility model and limb darkened angular diameters
The VINCI instrument bandpass corresponds to the K band filter, transparent between λ = 2.0 and 2.4 µm. An important effect of this relatively large spectral bandwidth is that several spatial frequencies are simultaneously observed by the interferometer. This effect is known as bandwidth smearing (Kervella et al. 2003b ).
To account for the bandwidth smearing, the model visibility is computed for regularly spaced wavenumber spectral bins over the K band, and then integrated to obtain the model visibility. In this paper, we assume that the limb darkening law does not change over the K band. This is reasonable for a hot and compact stellar atmosphere, but is also coherent with the range of visibilities measured on the Cepheids of our sample. If necessary, this computation can easily be extended to a wavenumber dependant I(µ, σ) intensity profile. Following Davis et al. (2000) , using a Hankel integral, we can derive the visibility law V (B, θ LD , σ) from the intensity profile:
where σ is the wavenumber:
and A is a normalization factor:
The integral of the binned squared visibilities is computed numerically over the K band and gives the model V 2 for the projected baseline B and the angular diameter θ LD through the relation: where T (σ) is the normalized instrumental transmission defined so that
We computed a model of T (σ) by taking into account the instrumental transmission of VINCI and the VLTI. It was first estimated by considering all known factors (filter, fibers, atmospheric transmission,...) and then calibrated on sky based on several observations of bright stars with the 8 meter UTs (see Kervella et al. 2003b for more details). This gives, for our sample of Cepheids, a measurement wavelength of 2.179 ± 0.003 µm. The variation of effective temperature between the stars of our sample and over the pulsation does not change this value by more than ±0.001 µm. The uncertainty on the effective wavelength of the measurement translates to a 0.15 % uncertainty on the measured angular diameters. Considering the level of the other sources of error (statistical and systematic), the effect on our angular diameter results is negligible. The V 2 (θ LD , B) model is adjusted numerically to the observed (B, V 2 ) data using a classical χ 2 minimization process to derive θ LD . A single angular diameter is derived per observation session, the fit being done directly on the set of V 2 values obtained during the session. The systematic and statistical errors are considered separately in the fitting procedure, to estimate the contribution of the uncertainty of the calibrator diameter on the final error bar.
Each observation session was generally executed in less than 3 hours, a short time compared to the pulsation periods of the Cepheids of our sample. Therefore, we do not expect any phase induced smearing from this averaging.
Measured angular diameters
The derived angular diameters are given in Tables 3 to 9 for the seven Cepheids of our sample. Two error bars are given for each angular diameter value:
-one statistical uncertainty, computed from the dispersion of the V 2 values obtained during the observation, -one systematic uncertainty defined by the error bars on the calibrator stars a priori angular sizes.
While the statistical error can be diminished by repeatedly observing the target, the systematic error is not reduced by averaging measurements obtained using the same calibrator. The reference epochs T 0 and periods P for each Cepheid are given in Table 1 . N is the number of batches (500 interferograms) recorded during the corresponding observing session. For each angular diameter, the statistical and systematic calibration errors are given separately, except for the FLUOR/IOTA measurements of ζ Gem, for which the systematic calibration error is negligible compared to the statistical uncertainty.
Linear diameter curves
For each star we used radial velocity data found in the literature. Specifically, we collected data from Bersier (2002) for η Aql, ℓ Car, and β Dor; from Bersier et al. (1994) for ζ Gem; from Babel et al (1989) for W Sgr. All these data have been obtained with the CORAVEL radial velocity spectrograph (Baranne, Mayor & Poncet 1979) . We also obtained data from Evans & Lyons (1986) for Y Oph and from Wilson et al. (1989) for X Sgr.
In theory, the linear diameter variation could be determined by direct integration of pulsational velocities (within the assumption that the τ = 1 photosphere is comoving with the atmosphere of the Cepheid during its pulsation). However these velocities are deduced from the measured radial velocities by the use of a projection factor p. The Cepheid's radii determined from the BW method depend directly from a good knowledge of p. Sabbey et al. (1995) and Krockenberger et al. (1997) have studied in detail the way to determine the p-factor. We used a constant projection factor p = 1.36 in order to transform the radial velocities into pulsation velocities. Burki et al. (1982) have shown that this value is appropriate for the radial velocity measurements that we used.
Cepheids parameters
Angular diameter model fitting and distance measurement
From our angular diameter measurements, we can derive both the average linear diameter and the distance to the Cepheids. This is done by applying a classical χ 2 minimization algorithm between our angular diameter measurements and a model of the star pulsation. The minimized quantity with respect to the chosen model is
where φ i is the phase of measurement i. The expression of θ LD model (φ i ) is defined using the following parameters:
-the average LD angular diameter θ LD (in mas), -the linear diameter variation ∆D(φ i ) (in D ⊙ ), -the distance d to the star (in pc).
The resulting expression is therefore:
As ∆D(φ i ) is known from the integration of the radial velocity curve (Sect. 7), the only variable parameters are the average LD angular diameter θ LD and the distance d. From there, three methods can be used to derive the distance d, depending on the level of completeness and precision of the angular diameter measurements:
-Constant diameter fit (order 0): The average linear diameter D of the star is supposed known a priori from previously published BW measurements or P-R relations (See Sect. 8.2). We assume here that ∆D(φ) = 0. The only remaining variable to fit is the distance d. This is the most basic method, and is useful as a reference to assess the level of detection of the pulsational diameter variation with the other methods. -Variable diameter (order 1): We still consider that the average linear diameter D of the star is known a priori, but we include in our model the radius variation derived from the integration of the radial velocity curve. This method is well suited when the intrinsic accuracy of the angular diameter measurements is too low to measure precisely the pulsation amplitude (ζ Gem, X Sgr and Y Oph). The distance d is the only free parameter for the fit. -Complete fit (order 2): The average LD angular diameter θ LD and the distance d are both considered as variables and adjusted simultaneously to the angular diameter measurements. In the fitting process, the radius curve is matched to the observed pulsation amplitude. Apart from direct trigonometric parallax, this implementation of the BW method is the most direct way of measuring the distance and diameter of a Cepheid. It requires a high precision angular diameter curve and a good phase coverage. It can be applied directly to our η Aql, W Sgr, β Dor and ℓ Car measurements.
Published linear diameter values
In this section, we survey the existing linear diameter determinations for the Cepheids of our sample, in order to apply the order 0 and 1 methods to our observations. A large number of BW studies have been published, using both visible and infrared wavelength observations. For ζ Gem and η Aql, the pulsation has been resolved using the Palomar Testbed Interferometer (Lane et al. 2000 (Lane et al. , 2002 , thererefore giving a direct estimate of the diameter and distance of these stars. Table 10 gives a list of the existing diameter estimates for the Cepheids of our sample from the application of the classical BW method ("Baade-Wesselink" section of the table).
From the many different P-R relations available, we chose the Gieren et al. (1998) version, as it is based on infrared colors for the determination of the temperature of the stars. Compared to visible colors, the infrared colors give a much less dispersed P-R relation. Indeed, this relation has a very good intrinsic precision of the order of 5 to 10 % for the period range of our sample. Moreover, it is identical to the law determined by Laney & Stobie (1995) . The compatibility with the individual BW diameter estimates is also satisfactory. The linear diameters deduced from this P-R law are mentioned in the"Empirical P-R" section of Table 10 . We assume these linear diameter values in the following.
Angular diameter fitting results
The results of both constant and variable diameter fits for the seven Cepheids of our sample are listed in Table 11 to 13. η Aql, W Sgr, β Dor and ℓ Car gave results for all fitting methods, while X Sgr, ζ Gem and Y Oph were limited to order 1 models. For X Sgr, the order 1 fit is less adequate than the order 0, considering the quality of our measurements of this star. This is shown by the fact that the χ 2 is significantly higher for the order 1 fit (1.36) than for the order 0 (0.38).
In the case of ℓ Car, the fit of a constant diameter results in a very high χ 2 value. This means that the average diameters θ UD0 and θ LD0 should not be used for further analysis. The pulsation curve of this star is not sampled uniformly by our interferometric observations, with more values around the maximum diameter. This causes the larger diameter values to have more weight in the aver- age diameter computation, and this produces a significant positive bias. This remark does not apply to the orders 1 and 2 fitting methods.
As a remark, no significant phase shift is detected at a level of 2.5 10 −4 (14 minutes of time) between the predicted radius curve of ℓ Car and the observed angular diameter curve. The values of P and T 0 used for the fit are given in Table 3 . Fig. 5 to 11 show the best models for each star, together with the VINCI/VLTI angular diameter measurements for the seven Cepheids of our sample. Fig. 12 gives an enlarged view of the maximum diameter of ℓ Car. Baade-Wesselink Bersier et al. (1997) 56.0 ± 2.9 89.5 ± 13.3 Fouqué et al. (2003) 48.1 ± 1.1 201.7 ± 3.0 Krockenberger et al. (1997) 56. 65.8 ± 3.2 64.4 ± 3.6 Sachkov et al. (1998) 74 ± 10 Taylor et al. (1997) 179.2 ± 10.4 Taylor & Booth (1998) 67.8 ± 0.7 Turner & Burke (2002) 52.6 ± 8.9 53.8 ± 1.9 Sasselov & Lester (1990) 67 ± 6 62 ± 6
Mean B-W (overall σ) 52.5 (11.4) 59.9 (5.7) 57.0 (3.4) 65.8 (7.2) 65.3 (9.8) 92.2 (-) 180 (-) Gieren et al. (1998) 51.2 ± 2.6 52.1 ± 2.7 54.4 ± 2.9 66.0 ± 3.9 67.6 ± 4.0 100.1 ± 7.3 173.1 ± 15.8 * ζ Gem values were derived from Kervella et al. (2001b) and Nordgren et al. (2000) using the Hipparcos parallaxes. η Aql was taken from Nordgren et al. (2000) a Assuming a constant p-factor. b Assuming a variable p-factor. c Bisector method. d Parabolic fit method. Table 11 . Order 0. Cepheid average angular diameters and distances derived from the VINCI interferometric measurements, assuming a constant diameter model (∆D = 0), The average diameter D is taken from Gieren et al. (1998) . Two error bars are given in brackets for the angular diameter: the statistical dispersion and the calibration systematics. The uncertainty mentioned for the distance d is the quadratic sum of the statistical, calibration and P-R a priori diameter errors, the last two being systematic in nature. The three types of errors are also reported separately in brackets. The results for ℓ Car are mentioned only for completeness, but are not meant to be used for further analysis, as our observations are inconsistent with a constant diameter model. of η Aql and ζ Gem at several effective wavelengths with high precision. Table 14 gives the angular diameter values and the corresponding wavelengths. Claret's (2000) linear limb darkening parameters u were used to compute the expected conversion factors ρ = θ LD /θ UD . To read the u table, we have considered the closest parameters to the average values for η Aql and ζ Gem in Table 1 , and we computed ρ using the formula from Hanbury Brown el al. (1974) :
For the NPOI observation (λ eff ≈ 0.73 µm), we have chosen an intermediate value of u between the R and I bands. We note that the value of θ LD for η Aql that we derive for the NPOI observation, θ LD = 1.73 ± 0.04 mas, is not identical to the LD angular diameter originally given by The resulting θ LD values for the three observations are compatible at the 2 σ level, but there is a slight trend that points towards an underestimation of the limb darkening effect at shorter wavelengths, or alternatively its overestimation at longer wavelengths. Considering that the limb darkening is already small in the infrared, the first hypothesis seems more plausible. Marengo et al. (2002 Marengo et al. ( , 2003 have shown that the Cepheids limb darkening can be significantly different from stable giant stars, particularly at visible wavelengths. This could explain the observed difference between the 0.73 µm and K band diameters of η Aql and ζ Gem, the latter being probably closer to the true LD diameters, thanks to the lower limb darkening in the infrared.
In the case of η Aql, another explanation could be that the measurement at visible wavelengths is biased by the Gieren et al. (1998) . The diameter variation curve ∆D(φ) is integrated from the radial velocity curve. Only the distance is ajusted by the fitting procedure. The error bars on d are given as in Table 11 . blue companion of η Aql. However, it is 4.6 magnitudes fainter than the Cepheid in the V band (Böhm-Vitense & Proffitt 1985, see also Sect. 9.2), and therefore should not contribute significantly to the visibility of the fringes. Table 14 . Average UD angular diameter of η Aql and ζ Gem from the litterature, and the associated conversion factor ρ = θ LD /θ UD from the linear limb darkening coefficients of Claret (2000) . References: (1) Armstrong et al. (2001) and Nordgren et al. (2000) , (2) Lane et al. (2002) , (3) 
Binarity and other effects
As demonstrated by several authors (see Szabados 2003 for a complete database), binarity and multiplicity are common in the Cepheid class. Evans (1992a) has observed that 29 % of the Cepheids of her sample have detectable companions. Our sample of Cepheids contains five binary Cepheids, out of a total of seven. As our sample is biased towards bright and nearby Cepheids, this large fraction is an indication that many Cepheids currently believed to be single could have undetected companions. X Sgr (Szabados 1989b) , η Aql (Böhm-Vitense & Proffitt 1985), W Sgr (Böhm-Vitense & Proffitt 1985 , Babel et al. 1989 and Y Oph (Pel 1978 ) are members of binary or multiple systems. ζ Gem is a visual binary star (Proust et al. 1981) , but the separated companion does not contribute to our observations. The physical parameters of the companions of η Aql and W Sgr have been derived by Böhm-Vitense & Proffitt (1985) and Evans (1991) , based on ultraviolet spectra. The latter have derived spectral types of B9.8V and A0V, respectively for the companions of η Aql and W Sgr. Also based on IUE spectra, Evans (1992a) has set an upper limit of A0 on the spectral type of the companion of X Sgr. Evans (1992b) has determined the spectral type of the companion of Y Oph, a B9.0V main sequence star. The orbital parameters of the binary W Sgr were computed by Babel et al. (1989) and Albrow & Cottrell (1996) .
The difference in V magnitude between these four Cepheids and their companions is ∆M V ≈ 4.5 for η Aql and W Sgr, ∆M V ≈ 3.8 for Y Oph, and ∆M V ≥ 4.5 for X Sgr. The ∆M K is larger due to the blue color of these stars, ≈ 5.0 for the companion of Y Oph, the strongest contributor of our sample. Therefore the effect on our visibility measurements is small, with a potential bias of ∆V 2 ≤ 1 % for Y Oph. This translates into a maximum error of ±22 µas on the average angular diameter of Y Oph, (a relative error of ±1.5 %), that is significantly smaller than our error bars (44 µas). In the K band, the effect of the companions of the other Cepheids is also negligible at the precision level of our measurements. However, the presence of companions will have to be considered for future measurements with angular diameter precision of a few µas. In this respect, long-period Cepheids, such as ℓ Car, are more reliable, as their intrinsic brightness is larger than the short-period pulsators, and therefore they dominate their potential companions even more strongly. Fernie et al. (1995b) have found that the amplitude of the light curve of Y Oph has been decreasing for a few decades. A similar behavior has been observed only on Polaris (e.g. Evans et al. 2002) . The uncertainty on our θ LD measurements has not allowed us to detect unambiguously the pulsation of this star, but it is clearly an important target for future observations using the Auxiliary Telescopes (1.8 m) of the VLTI in order to estimate its parameters with high precision.
Interestingly, Gieren et al. (1993) have studied the impact of binary Cepheids on their determination of the period-luminosity relation using 100 Cepheids, and they conclude that it is negligible. This is due to the very large intrinsic luminosity of the Cepheids that overshine by several orders of magnitude most of the other types of stars.
Conclusion and perspectives
We have reported in this paper our long-baseline interferometric observations of seven classical Cepheids using the VINCI/VLTI instrument. For four stars (η Aql, W Sgr, β Dor and ℓ Car), we were able to apply a modified version of the BW method, resulting in an independent estimate of their distance. For all stars, we also derived their distances from lower order fitting methods, that use an a priori estimate of their linear diameter from the P-R relation of Gieren et al. (1998) . We would like to emphasize that the order 0/1 and order 2 error bars are different in nature, and they should be treated differently in any further use of these results. While the order 2 error bars can be treated as statistical (i.e. reduced by averaging), the order 0/1 methods errors are dominated by the systematic uncertainty introduced by the a priori estimation of the linear radius. The respective contributions of the statistical and systematic uncertainties are given separately in Tables 11 and 12 . These values assume a constant value of the p-factor of 1.36, and can be scaled linearly for other values.
We will use these distances in Paper II, together with previously published measurements, to calibrate the zero points of the Period-Radius and Period-Luminosity relations In Paper III, we will calibrate the surface brightnesscolor relation, with a particular emphasis on the evolution of ℓ Car in this diagram over its pulsation. These three empirical relations are of critical importance for the extragalactic distance scale.
The direct measurement of the limb darkening of nearby Cepheids by interferometry is the next step of the interferometric study of these stars. It will allow a refined modeling of the atmosphere of these stars. This observation will be achieved soon using in particular the long baselines of the VLTI equipped with the AMBER instrument, and the CHARA array for the northern Cepheids. Another improvement of the interferometric BW methow will come from radial velocity measurements in the near infrared (see e.g. Butler & Bell 1997) . They will avoid any differential limb darkening between the interferometric and radial velocity measurements, and therefore make the resulting distances more immune to limb darkening uncertainties.
